Introduction
[2] Cracks and fractures exert a key role in determining fluid permeability at depth, notably in otherwise 'tight' rocks that may be used as seals for the subsurface storage of carbon dioxide or nuclear waste products associated with the mitigation of future climate change [Intergovernmental Panel on Climate Change, 2007; Hopkin, 2007] . To date it has not been possible to test suggested relationships for crack-induced porosity and permeability in very tight rocks. Almost all surface rocks contain natural fractures induced by the stresses that brought them there, making it difficult to make measurements at the lowest porosities relevant for deep underground storage, where such cracks may have yet to form. Similarly core samples obtained from depth in boreholes are also affected by drilling stresses. This makes it hard to unravel the relative contribution of primary porosity (due to the processes that initially formed the rock) and secondary induced microcracks formed at depth. In fact it is extremely rare to find a natural crystalline rock with no primary porosity to use as a control sample to make this comparison. One example is Frederick diabase, previously used to quantify the effect of pressure on the electrical resistivity of water-saturated crystalline rocks [Brace et al., 1965] . Here we use an extremely rare type of silicaunsaturated, alkali-rich microgranite quarried from the island of Ailsa Craig (Figure 1) , known by the quarryman's term Blue Home, which also has no detectable microcracks [Harrison et al., 1987] . Its 'flawless' nature and isotropic properties make it the material of choice for the running surface of stones used in the Olympic winter sport of curling (Figure 2 ), due to its long-term strength and stability on ice rinks subjected to freeze-thaw weathering.
[3] Starting with this material, we deliberately induce crack porosity using thermal cracking and interpret the resulting permeability evolution using microstructural characterisation, as by Fredrich and Wong [1986] and Darot et al. [1992] . We confirm the relation between the measured porosity (of the connected network of pore space) and the effective bulk permeability inferred from Darcy's law conforms to a simple universal model for crack-induced permeability both near and well above the percolation threshold. The model and observed permeability is very sensitive to extremely small changes in microcrack density just above the percolation threshold.
Theory
[4] The aim of the experiments was to test the hypothesis that the porosity-permeability relation has the universal form expected for a system near the percolation threshold [Wong et al., 1984; Guèguen and Dienes, 1989; Mavko and Nur, 1997; Balberg, 1992, 1993; Feng et al., 1987; Stauffer and Aharony, 1994; Guèguen and Palciauskas, 1994] :
where K is the permeability (in m 2 ), F is the total porosity (in %), F c is the porosity at the percolation threshold for fluid flow across the sample, K 0 is a characteristic permeability when F À F c = 1%, and n is a critical exponent. This relation has been suggested on theoretical grounds based on percolation theory Balberg, 1992, 1993; Feng et al., 1987] , from pore network modelling [Stauffer and Aharony, 1994; Zhu et al., 1995] and from empirical observation [Zhang et al., 1994; Mavko and Nur, 1997] . Previous attempts to fit a simple power law, K $ F n , to data for hot-pressed calcite in the range 4%-20% requires a sharp increase in n at a cross-over porosity of $13% [Zhu et al., 1995; Bernabe et al., 1982] , consistent with (1). For sandstones of porosity in the range 6%-25% a relation of the form (1) holds with n fixed at the integer value 3, the latter to retain consistency with the Kozeny-Carman relation at high porosity [Mavko and Nur, 1997] . For overlapping spherical pores, Monte-Carlo simulations give n ≈ 2.3 [Mavko and Nur, 1997] .
[5] For the inverse case of overlapping solid spheres, i.e., the 'Swiss cheese' model of Berkowitz and Balberg [1993, by slightly open (or completely closed) bottlenecks. Permeability is then more sensitive to porosity, so that n ≈ 4.5 [Berkowitz and Balberg, 1993] . This model has previously been applied successfully to explain the nature of porosity and permeability evolution near the percolation threshold during hot isostatic pressing of calcite aggregates [Zhang et al., 1994] . In this model connected bottlenecks form a network representing a set of Voronoi cells [Berkowitz and Balberg, 1993; their Figure 3 ], directly analogous to those which develop in crystallisation from a melt, and to the networks shown at high crack density in the photo-micrographs of Figure 3 . Most cells formed by the fractures follow the original grain boundaries, but a few are intra-granular, hence reducing the co-ordination number of the original grain boundaries. With this caveat, the attributes of the microstructure of Ailsa Craig micro-granite then closely resemble those of the conceptual 'Swiss cheese' model: open pores (altered micro-phenocrysts) connected (or not) by narrow 'bottlenecks' in the form of slightly open cracks (or tight grain boundaries).
Materials and Methods
[6] The photo-micrograph shown in Figure 3 (top left) confirms that Ailsa Craig microgranite is both isotropic and crack-free. Using this starting material, we progressively introduced isotropic crack damage in a controlled and measurable manner by thermal stressing to different temperatures in the range 20-800°C, and studied how fluid permeability evolved near the percolation threshold, where previously isolated cracks nucleate and begin to link together to provide permeable pathways for fluid flow (Figures 3 (top right), 3 (bottom left), and 3 (bottom right)).
[7] Measurement of very low permeability presents a significant challenge. Here we use a method based on highaccuracy measurement of fluid flow volume both in and out of a sample under conditions of steady-state flow at the sample boundaries, [Jones and Meredith, 1998 ]. In this permeameter two separate pressure intensifiers are used (an upstream one and a downstream one) providing an independent verification of the inflow and outflow rate and whether these have achieved steady state. Only if these match do we accept the measurement as valid. The experiments were conducted in a temperature controlled laboratory inside a thick-walled steel pressure vessel with a high thermal capacity. These both act to minimise temperature fluctuations and any effect on the measured pressures and flow rates. The method has been used routinely and successfully to measure nano-Darcy permeability and below in a range of tight rocks [e.g., Jones and Meredith, 1998; Nara et al., 2011] . Here the longest single steady-state flow measurement at the lowest permeability took 15 days, and the system was stable over this whole period. The effective bulk permeability is then calculated from the pressure drop and the steady-state flow rates at the upstream and downstream reservoirs, using the standard Darcy equation.
[8] The connected porosity of the starting material was determined using high-pressure gas porosimetry at Aberdeen University, Scotland and Sandia National Laboratory, New Mexico. After coring, the samples were oven dried prior to heat treatment, to ensure that any water retained in the sample after coring and grinding would not boil during heating and cause excess cracking. Samples were dried at 50°C, i.e., lower than the onset temperature of thermal cracking in this material at 75-80°C. A suite of samples was thermally-stressed to different ultimate temperatures [Darot et al., 1992] and then cooled to induce a controlled range of crack porosities. To achieve this sample temperature was increased by 1°C per minute at ambient pressure, and then maintained at the pre-determined plateau temperature for 1 hour before a controlled temperature reduction, also at 1°C/min, was initiated. This rate results in a negligible temperature gradient across the sample and precluded any thermal shocking during heating or cooling [Glover et al., 1995] .
[9] The resulting samples, 38.1 mm in diameter by 40 mm long, were then jacketed in nitrile rubber jackets and placed in a conventional hydrostatic pressure vessel at room temperature. A confining pressure of 20 MPa was first applied, and pressurized pore fluid was then introduced using upstream and downstream reservoirs controlled using a dual servo-controlled fluid intensifier system [Benson et al., 2005]. A mean pore fluid pressure, P p , of 10 MPa was used subjecting the sample set to an effective pressure of 10 MPa, and our standard pressure difference across the sample was 1 MPa (i.e., 10.5 MPa upstream and 9.5 MPa downstream). However, in order to achieve steady state flow in an acceptable time frame (up to 15 days) for the very low permeability experiments it proved necessary to increase this pressure difference up to a maximum of 3 MPa. This introduces a potential source of systematic error from non-linear effects. To check its magnitude we made permeability measurements on the same intermediate-permeability sample using pressure differences of 1, 3 and 5 MPa. We found that differences in the measured permeability across the 3 values were less than 50%, i.e., small compared to the multiple orders of magnitude involved in the permeability range reported here.
Results
[10] The porosity of the starting material was determined using gas porosimetry to be 0.90%. Water permeability for the starting material was an astonishingly low 1.5 Â 10 À23 m 2 , requiring fifteen days to make a single measurement. This is because the starting porosity occurs almost exclusively in altered feldspar micro-phenocrysts, which are sparsely but relatively evenly distributed through the rock volume (light patches in Figure 3 , top left), and remain connected only through a few 'bottlenecks' due to the absence of connecting micro-fractures. Figures 3 (top right) , 3 (bottom left), and 3 (bottom right) illustrate how the crack density, connectivity and aperture all increase systematically with respect to the ultimate temperature of the heat treatment. We confirmed that the induced crack damage was isotropic by such visual inspection and by azimuthal ultrasonic wave velocity measurements.
[11] The measured water permeability is plotted as a function of contemporaneously-measured porosity in the range 1-5% in Figure 4 . The measured porosity represents the connected porosity and not the total porosity as applied in the percolation model of equation (1). This introduces a small but finite systematic error in the inferred model parameters that is discussed more fully along with the results below. In order to preclude further damage during sample preparation, fluid saturation and porosity measurements immediately before the permeability measurements was done under vacuum, leading to a low effective injection pressure of 1 bar (0.1 MPa). For the first two data points at the lowest permeability, this led to a measured fluid porosity during permeability measurements lower than the independently measured gas porosity of the starting material. Accordingly the first data point (corresponding to the starting material) was assigned a porosity of 0.9% and included in the regression, whereas the data point for permeability for the second sample is plotted merely for reference on Figure 4 as lying somewhere between the starting porosity and our lowest reliably-measured value, and not used in the regression.
[12] The optimal value for the threshold porosity F c was found to be 0.85%, very close to the porosity of the starting material. The best fit curve for regression of log(K) v. log(F À F c ) for K 0 and n, given this value for F c , is shown in Figure 4 along with its 95% confidence limits. These confidence limits are large compared to the systematic uncertainties introduced by the method. The vertical range is on the order of 1-2 orders of magnitude in permeability, compared to a maximum error of 50% due to the high pressure drop discussed above. It is also unlikely the unconnected porosity at low porosity (Figure 3 , top left) differs from the total porosity by more than the 10% or so difference in the confidence intervals in the horizontal direction at small porosity, though some systematic bias in the best fit parameters remains. With these caveats the best fit parameters are n = 3.792 AE 0.445 and log K 0 = À18.776 AE 0.248, by least squares estimation. The regression coefficient r 2 = 0.912 for 9 data points, an F-statistic [Dalgaard, 2002] for the optimal regression of 72.51, and a P-value [Weiss, 1989] of 6.105 Â 10 À5 , all confirm the regression model is statistically significant well above the 95% confidence level. The results confirm the hypothesis of equation (1) at this level.
Discussion
[13] The measurements reported here are the bulk connected porosity and the steady-state macroscopic permeability at the sample scale, and can be used as effective parameters in modelling at higher scales, for example, in computer simulation of the integrity of sub-surface storage sites. At microscopic scales however, it is very unlikely that the flow is uniformly laminar. For the smallest porosity and permeability values reported here the effective aperture for local Poisueille flow may be less than 1 nanometre, where transport is instead very likely to occur by atomic-scale diffusion processes. For higher permeabilities there is likely to be a transition from such processes to Darcy flow with a scale-free viscosity. Further work is required to quantify the effect of such microscopic processes at very low porosities, and how they may affect the effective bulk parameters measured here.
[14] The high value of n inferred from Figure 4 is quantitatively most consistent with that predicted by the continuum percolation 'Swiss cheese' model [Berkowitz and Balberg, 1993] , most likely due to its close resemblance to the actual fracture/pore network induced here (Figure 3) . For different rock types we might expect equation (1) to hold, but with different values of the best fit parameters. We have also examined the simplest case of permeability in an isotropic material, in order to provide an important benchmark for the theory used and for later tests on anisotropic materials. In this general case we might expect the permeability to be a tensor rather than a scalar, either due to fabric or aligned microcracks in the starting material and/or to the effect of in-situ stresses associated with a given subsurface storage site. Systematic errors in the best fit results remain, though these are smaller than the statistical errors arising from a combination of experimental uncertainty and sample variability, shown at 95% confidence in Figure 4 .
Conclusion
[15] Our new results confirm that the crack-induced permeability-porosity relation at very low permeability is similar to models proposed on the basis of transport near the percolation threshold, with a relatively high exponent n that can be explained by the microstructure of the crack/pore system. Hence, a modest change in total porosity from 1% to 5% or so results in a massive change in permeability of 7 orders of magnitude or more. The exponent n is similar to that for published data for rocks with much higher porosities, indicating the form of equation (1) may be universal. Having established this benchmark, further work is now required for the more general case of anisotropic materials and stress fields, and alternative barrier materials, notably the behaviour of tight shales and mud rocks that are a key element of current active proposals to develop carbon dioxide storage sites. (1) with the data for the connected porosity and the bulk permeability. The horizontal bar indicates the possible range of porosity for the second data point.
